The experiments recorded in this paper, dealing with effects of 2537/~ on intact ceils of green algae, were initiated in the hope of gaining more insight into the nature and properties of the catalysts of photosynthesis sensitive to 2537/~; and, possibly by comparison of the sensitivities of the various processes studied, to gain some information as to the relation between them. We have investigated: (1) photosynthesis, (2) endogenous respiration, (3) glucose oxidation, (4) photoreduction, (5) oxygen evolution in the presence of a substitute oxidant, i.e. the "Hill reaction," and (6) dark reduction of CO2 coupled to the oxyhydrogen reaction.
dark intervals long enough to allow completion of the rate-limiting dark reaction.
Methods
The organisms used were C. pyrenoidosa (Emerson's strain) and Scenedesmus. One strain of the latter genus, isolated in this laboratory, will be designated as Scenedesmus A; the other, obtained from H. Gaffron, has been designated by him as Scenedesmus 1)1. These two strains are alike in such characteristics as rate of growth, maximum rates of photosynthesis, and ability to undergo adaptation to hydrogen metabolism by anaerobic incubation in darkness. Strain A is larger than strain D~, and starved cells respond to the addition of glucose as do starved cells of ChloreUa; i.e., they exhibit an immediate increase of oxygen uptake. Strain Dj on the contrary, shows a slowly increasing uptake. Chlorella was used chiefly to allow comparisons with previous work, while Scenedesmus was used to allow study of the reactions characteristic of adapted algae (8, 9) .
The mineral medium recommended for Scenedesmus by Gaffron was used for culturing both ChloreUa and Scenedesmus; sterile medium was inoculated from slants of pure cultures, and suspensions grown 4 to 6 days at 20°C. over a bank of four redpainted fluorescent lamps. Except when stated cells were used fresh from the culture cabinet.
Gas exchanges were measured by the Warburg manometric technique. Illumination was provided by three neon discharge tubes (½ inch in diameter) below the vessels. For measurements of photoreduction the light intensity was reduced by lowering the lights and covering them with screens; the relative intensities were determined with the actinometer described by Warburg and Schocken (10) .
For inactivation, ceils were shaken in a quartz Warburg flask over the ultraviolet source, which was ~ inch from the vessel, and submerged in a well agitated thermostat. The intensity on the bottom of the flask, determined with a G. E. germicidal meter and calibrated screens, was approximately 250 ergs/(mm. 2 X sec.). This figure is very rough, since at such close distances from the source small changes in setting the meter cause large differences in the reading. For all experiments except that in Table VII and Fig. 3 , the source was a Hanovia lamp (Sc-2537); for the latter experi: meat, a 15 watt G. E. germicidal lamp was used.
Chloroplast preparations were obtained as outlined previously (11 ) , and chlorophyll concentrations estimated spectrophotometrically. All reagents and chloroplast preparations contained 0.01 ~r KC1. Measurements of the Hill reaction were made manometrically or by the recording photometric method of estimating the rate of reduction of 2,6-dichlorobenzenone-indo-3P-chlorophenol (12) . All the reactions investigated were determined in the range in which the rates were found to be proportional to the concentration of the chloroplast suspension. During exposure to 2537 A, low temperatures (5-15°C.) were used; controls in a pyrex vessel, which does not transmit ultraviolet, were shaken over the ultraviolet source to check for any activity losses not caused by ultraviolet. Polyphenol oxidase was assayed according to Warburg and Ltittgens (13) ; cytochrome oxidase, according to Potter (1~), except that heated suspensions were used for controls. Catalase was assayed manometrically by measuring O, evolution from a quantity of dilute H202, which would yield ca. 200 mm) if completely decomposed; readings were taken at 2 minute intervals for a total of 10 minutes without stopping the shaker. samples were washed and resuspended in either 0.05 ~ KH~PO4 saturated with 5 per cent CO~ and air, or in Warburg's buffer 9 (15) . After exposure, photosynthesis and in some cases respiration were measured, the suspension irradiated again, and the measurements repeated. Hence, the exposures recorded in Fig. 1 were sums of several consecutive exposures interrupted by measuring periods. In all experiments made with such interrupted exposures, controls in pyrex vessels were used to check for possible changes in rate not due to the action of ultraviolet.
Only small differences in log R/Ro foUowing a given exposure were found with the two buffers. Similar experiments comparing the inactivation of photosynthesis in pH 6.5 phosphate, nutrient medium, and Warburg's buffer 11
(all made with samples from one culture and determined the same day) also revealed no differences. Fig. 1 shows also that an almost identical ratio was observed for a given exposure when the culture was freshly harvested and after it had been stored i week at 4°C. Table I presents rates observed with the same suspension shown in Fig. 1  (buffer 9 , 48 minute exposure), before and after shaking for 12 hours in air and in darkness. Gas uptake in darkness by the irradiated cells decreased considerably and instead of an increase of pressure during illumination with neon light, an even faster decrease than in darkness was observed. Additional exposure to 30 minutes' ultraviolet resulted in a small positive pressure change by the control, due to visible radiation from the ultraviolet source, and caused an When the values of R/Ro were compared after solid and interrupted exposures of equal duration, no differences were observed with organisms suspended in pH 6.5 phosphate or in buffer 9. Fig. 1 represents the usual type of inactivation curve obtained with Scenedesmus DI. The straight line, which would indicate strictly first order inactivation as was observed previously (6), was seldom obtained. Most of the sixteen determinations made seem to indicate the occurrence of a higher order process in addition to a first order process--the curves had a negative curvature but did not start with zero slope at very short exposures.
(b) Chlorella pyrenoidosa.--If the exposure schedules were identical, no difference was noted for the effect of a given total aggregate exposure when the cells were suspended in either neutral phosphate or in buffer 9. Nor was any difference noted between the effectiveness of a solid exposure and an interrupted exposure of equal total duration, if the cells were suspended in neutral phosphate. This was not the case, however, when the cells were in buffer 9, as illustrated by Table II . The increased effectiveness of a solid exposure compared to an interrupted one has been noted consistently under these conditions, Consequently, different inactivation curves will be obtained with this organism suspended in buffer 9, depending on the exposure schedule. Solid exposures 
o
gave inactivation curves that deviated considerably from a first order curve, and indicated a much greater role of higher order inactivation processes than with interrupted exposures.
Is Photosynthesis Inhibited Equally in Strong and Weak Light?
In order to provide further characterization of the component sensitive to 2537/~, it would have been desirable to determine R/Ro at'various light intensifies. Such measurements were not made, unfortunately. However, we did determine the effects of reducing the light intensity indirectly, by increasing the cell concentration. While the results from such an experiment, shown in Table  III , might be complicated by light intermittency which is caused by stirring a concentrated suspension, they are not in disagreement with the results obtained with irradiated chloroplast fragments at different light intensities (Fig. 6) ; they support the assumption that light intensity does not influence the value of R/Ro. 
Inhibition of Hill Reaction
Oxygen evolution by intact ceils illuminated in the presence of a substitute oxidant for CO, has been demonstrated in various laboratories (13, 16, 17) . It was of interest to determine whether 2537 ,~ had any effect on this reaction. 
Inhibition of Irradiated Cells by Hydrogen Cyanide (HCN) and Hydroxylaraine (NH2OH)
Gaffron (18), in a series of thorough investigations dealing with the effects of inhibitors on algae capable of adaptation to hydrogen metabolism, showed that low concentrations of hydroxylamine specifically inhibit the oxygen evolution mechanism. This conclusion was based on the fact that the addition of 2 X 10 -~ M NH~OH to Scenedesmus following adaptation caused little or no inhibition of photoreduction; by increasing the light intensity sufficiently to cause reversion to aerobic metabolism one could show that photosynthesis had been completely inhibited. HCN, on the other hand, inhibits an entirely different process believed to be an initial conversion of CO~ to a form capable of reduction. Evidence for this is obtained from observations that photosynthesis and photoreduction by Scenedesmus and the dark uptake of labelled CO2 by C. pyrenoidosa are inhibited by cyanide (18, 19) ; on the other hand, the Hill reaction of isolated chloroplasts or whole ceils is not inhibited by cyanide (20--22) . If selective destruction of either of the catalysts inhibited by cyanide or hydroxylamine occurs, quantitative differences in the effects of one of these inhibitors should be observed when the rates of photosynthesis with irradiated ceils and untreated cells are compared. Table V shows the results of such an experiment with Scenedesmus D~ in buffer 9. The concentrations of the inhibitors and the duration of exposure to ultraviolet were adjusted to reduce the original rate by one-half. It is seen that the effects of both inhibitors are independent of that caused by irradiation.
Effect on the Photosynthetic Quotient
A priori one might predict that no change in the stoichiometry of photosynthesis should occur after ultraviolet irradiation since no inhibitor has yet been demonstrated to cause the accumulation of an intermediate. Experiment confirmed this prediction.
Relative Sensitivities of Cklorella and Scenedesmus
In the early stages of these studies it became a]3parent that the two organisms used had widely different sensitivities to 2537 A. To determine this difference more critically the cell concentrations of the two different suspensions were adjusted so that equal depths would absorb an equal amount of radiation at this wave length.
Equal volumes of culture medium were inoculated from slants and the organisms grown for 6 days. At the end of this time, the cultures were assayed for cell volume and chlorophyll concentration, and found to have essentially the same values for each. Samples were then taken, washed twice with pH 6.5 phosphate buffer, and the absorption determined at 2537 A with a Beckman spectrophotometer. Table VI summarizes the findings obtained from this experiment which emphasizes the large difference in sensitivity between these two algae. 
Effects on the Hydrogen Metabolism of Scenedesmus
Scenedesmus and certain other green algae possess a latent hydrogenase system which can be activated by anaerobic incubation in darkness; this was discovered and studied in detail by Gaffron (8, 9, 18, 23, 24) . Such adapted algae can reduce CO2 by two processes which can be measured manometrically. One process, photoreduction, occurs at low light intensities in the presence of H2 and CO2, and results in the uptake of 2 moles of H2 per mole of CO2 reduced, without any production of Oz. At high light intensities a reversion to normal photosynthesis occurs; i.e., one finds 02 evolution instead of H~ uptake. The second process is a coupled CO~ reduction and oxyhydrogen reaction in darkness, hereafter referred to as the O~/H~/C02 reaction.
For an accurate comparison of damage by different doses of ultraviolet one needs the knowledge of the average light intensity per cell during the measurement of photoreduction. This is necessary since under the conditions used to measure this reaction the rates are proportional to light intensity (while in the study of photosynthesis, saturating light can be used). Four vessels were used in a row above the neon tubes, and the light intensity on each vessel was determined using the actinometer of Warburg and Schocken (10) . The rates of O, uptake observed were higher than recommended by these authors, but the rates at the four different sites were sufficiently close to disregard the possible variations in the quantum yield of the actinometer with light intensity.
In the case of the oxyhydrogen reaction, measurements with equal volumes of suspensions of strain D1 were made with four different vessels. The ratios of total gas uptake (AH~ -]-ACO~ -b AO~) to the uptake of oxygen, AO~ (assuming the latter to be equal to the amount of oxygen added) were, in the four vessels, 4.52, 4.46, 4.60, and 4.56 respectively--showing good agreement between them and with the value 4.50 found by Gaffron (23) .
Initial experiments showed that adapted cells exposed to ultraviolet immediately reverted back to normal photosynthesis. This may have been due to visible radiation from the mercury arc since control cells, irradiated in a pyrex vessel (opaque at 2537/~), also reverted. Because of this, in subsequent experiments cells were first exposed to ultraviolet, and then to anaerobic incubation.
Photoreduction was measured after 8 to 10 hours' incubation, and a fraction of these cells, after measurement of photoreduction, was washed resuspended in buffer 9, and used for measurement of photosynthesis. The results with strain D1 showed that photoreduction was inhibited by ultraviolet to about the same proportion as photosynthesis. Table VII and Fig. 3 present data obtained in a more extensive experiment with strain A. In summary, this experiment showed, for this strain, that: (1) the rate of photoreduction, measured at low light intensity, the speed of reversion effected by high light intensity, and the rate of the O2/I-I~/CO2 reaction were reduced by exposure to 2537/~; (2) the rate of photoreduction was reduced to a lesser extent than that of photosynthesis, particularly after long exposures (which were not used with strain D1); and the rate of the O2/H~/CO2 reaction was reduced less than that of photoreduction; (3) the survival ratios for the O2/H2/CO2 reaction remained approximately constant during the entire period (10 hours) of observation (Fig. 3) ; (4) 24 hours after irradiation, a color change became noticeable in cells irradiated for 18 minutes; 10 hours later a similar change was noticed in cells irradiated for 12 minutes. Microscopic examination revealed that in these cells the cytoplasm was pulled away from the pointed ends of the cell, and was granular, containing many small opaque areas. (5) Storing of samples of the irradiated cells at 4°C.
prevented the color change; the loss of photosynthetic activity shown by those cells (line 6, Table VII ) was considerably smaller than that of the cells which had been used after irradiation for the studies of hydrogen metabolism (line 5, Table VII ). 
Inhibition of Glucose Oxidation
Scenedesmus Dx did not show an immediate increase of oxygen uptake after the addition of glucose; other representatives of this genus including strain A and Scenedesmus quadricauda showed an immediate stimulation. Similar variations in response to glucose by members of the genus Scenedesmus have been observed earlier by Gaffron (25) . Studies with strain A showed that 79 ram. s of O, were consumed per 5 V~ of glucose added, which is considerably less than the 117 nun. 3 of O, found by Myers to be consumed by C. pyrenoidosa (26) .
This figure was not corrected for endogenous respiration, in order to make the results comparable with those given by Myers. Preliminary results showed that glucose oxidation by Scenedesmus A was not more sensitive to 2537 .~ than photosynthesis. On the other hand, glucose oxidation by C. pyrenoidosa was much more sensitive than photosynthesis. Further, if a correction was made for endogenous respiration, a sharp break regularly appeared in the plot of the logarithm of R/Ro for glucose oxidation in Ctdorella when plotted against duration of exposure (Fig. 4) . The results are analogous with those found with a radioactive sample containing two 0-emitters, possessing widely different decay constants. The biological interpretations are: (a) two types of Cklordla cells are present which are differentiated by their sensitivities to 2537 ~, or (b) two processes of glucose oxidation, which can be inactivated separately, occur within a single Ctdorella cell. Rate of control, -23 ram30~/10 minutes. 7 ram? cells in buffer 9 were used for photosynthesis determinations.
Colony Formation
In connection with the above studies a comparison of the sensitivities of colony formation and of photosynthesis was made with Scenedesmus Dr.
Following irradiation, samples were removed for plating on agar containing mineral medium supplemented with glucose; the plates were stored in the light cabinet for 7 to 10 days at 25°C. and the number of colonies counted. Another sample was checked for the inactivation of photosynthesis. The results are given in Table VIII , and indicate a much higher sensitivity to ultraviolet by the reproductive apparatus as compared to the photosynthetic apparatus.
n. EFFECTS O~ ~rZX~ATIC SYSTEMS IN Cm.OROPLAST FRm'ARATIONS (Fig. 2) , it is seen that the kinetics of the inactivation process are similar in both cases. Further indications of similarity were obtained when R/R0 for an irradiated preparation was measured at different light intensities. These results are given in Fig. 6 and show that this ratio remained the same when the light intensity was reduced by calibrated wire screens by as much as a factor of 20.
Inactivation of the Hill Reaction
Several studies of the HiU reaction with ferricyanide as the ultimate oxidant disagree as to whether a complex salt, such as ferric oxalate, is needed as an intermediate catalyst. In the original experiments, Hill and Scarisbrick noted that oxygen evolution did not occur if ferric oxalate was absent (27) . Later, other investigators found that oxygen evolution does occur even when ferric oxalate is not included in the reaction medium (13, 17, 28) . However, since oxalate is such a widespread constituent of leaves, it is not likely that it was totally absent from the chloroplast preparations used. Since oxalate is known to be decomposed by ultraviolet light, R/Ro was determined with solutions of ferricyanide, with and without added ferric oxalate, to determine whether the probable decomposition of naturally occurring ferric oxalate during irradiation would affect the results obtained with ferricyanide alone. In another experiment this ratio was measured manometrically with phenol indophenol as the ,oc -~Q,%h.22oo~ ..S_.~-- oxidant to check whether loss of capacity for dye reduction was comparable to the loss of capacity for the reduction of ferricyanide. Table IX shows that the presence or absence of ferric oxalate had no effect on the ratio, indicating that destruction of oxaiate could not have influenced the results given in Fig. 5 , and that using indophenols as reagents in the determination of the effect of irradiation did not change the results.
Effect on Ultraviolet Absorption Spectrum of Chloroplast Fragments
In a previous paper, Arnold (6) showed that no change in the concentration of the chlorophyll pigments of C. pyrenoidosa could be detected after irradi- FzG. 7. Ultraviolet chloroplast Pkytolacca americana, before and after irradiation. 0.005 rag. chlorophyll per ml.
material from spectrum of a preparation before and after an exposure to 2537/~ which completely inactivated the Hill reaction. No difference is noticeable between the two spectra. This can mean one of three things: (1) either the catalytic components destroyed by ultraviolet are present in so low a concentration (or absorb 2537 ~k so weakly) that their destruction does not change the absorption spectrum; (2) or that they are changed by irradiation in a way which does not affect their ultraviolet absorption spectra; or (3) that the inactivation is a sensitized process with the sensitizer which absorbs 2537 /~ remaining unchanged. Table X summarizes results obtained from a single chloroplast preparation showing the relative sensitivities of the systems responsible for oxygen evolution, cytochrome oxidation, catechol oxidation, and H20~ decomposition. It is seen that extreme exposures fail to inactivate catalase and polyphenol oxidase; also, that the cytochrome-oxidizing system is considerably more resistant than that responsible for oxygen evolution. Similar results were found with chloroplast preparations from Phytolacca americana; these preparations showed no evidence of catechol oxidation. 
Comparison of Sensitivity of Hill Reaction and Other Systems

DISCUSSION
The results found with intact cells contain one common uncertainty of interpretation. If, for example, a value for R/Ro of one-half is found for photosynthesis, or for any other process, one does not know whether the activity of each cell has been reduced one-half, or whether one-half of all the cells have had t their activity reduced to zero. Until methods have become available which allow accurate measurements of the rates of metabolic processes with single cells, it will be difficult to answer this question with finality. However, from general considerations, it does not appear likely that a first order inactivation (i.e., a process in which the damage results from the absorption of a single quantum), can be responsible for the immediate inactivation of the whole of a given metabolic apparatus in a cell, since one hit would have to be able to immobilize all that apparatus; e.g., that of photosynthesis. This is something quite different, and less likely than a genetic effect in which a single hit in an appropriate gene causes paralysis of a metabolic process in the progeny from an irradiated cell. Although the curves presented in this work are not strictly first order, they nevertheless indicate that, in the main, the inactivation effect results from a first order process.
An indirect piece of evidence which indicates that ultraviolet affects a/l cells uniformly is the fact that irradiation increased the time required for a given light intensity to cause reversion from photoreduction to photosynthesis, in hydrogen-adapted algae (Table vii, line 2). Gaffron (9, 18, 24) has deduced that reversion is the result of a reaction between an oxidized intermediate (precursor of molecular oxygen) and the hydrogenase system. This oxygen precursor must be intracellular, and if only cells totally unaffected by 2537/~ had been responsible for all the photoreduction observed after irradiation, the speed of reversion should have been unchanged.
One fact does stand out--an effect noted immediately after irradiation does not indicate the total effect which will become manifest later. Several hours following exposure it is apparent that irradiation has initiated effects which have increased the amount of inactivation first observed. In fact, Table I would indicate that these secondary effects are not limited to the processes inactivated immediately by radiation but eventually cause cessation of processes which initially showed no ill effects (e.g., endogenous respiration).
The markedly smaller effect of interrupted exposures (separated by periods of photosynthesis) on the photosynthetic apparatus of C. pyrenoidosa in buffer 9, compared to the effect of a solid exposure, appears to be similar to the "photoreactivation effect" (29, 30) . Whether similar phenomena are involved here might be indicated by interrupting the exposures with periods of darkness instead of with periods of photosynthesis.
The observation that the value for R/Ro is the same for the Hill reaction and for photosynthesis in intact cells (Table IV) is significant, since this indicates that a component common to both reactions has been destroyed. This is in agreement with the finding that the survival ratio of photosynthesis in intact cells, and of the Hill reaction in isolated chloroplast fragments, is independent of the intensity of visible light used to measure the rate of these reactions.
Visible radiation has been shown to inactivate the Hill reaction in chloroplasts if chloride or bromide is absent (31) . However, since chloride was always present during irradiation of chloroplast material with 2537/~, and since the inactivation by visible light occurred only with isolated chloroplast material, and not with intact cells (whereas ultraviolet affects both isolated chloroplasts and intact cells) it is unlikely that the same destruction mechanism is involved in both cases. Finally, since CO2 is not consumed during the Hill reaction, ultraviolet must affect some component other than the carboxylating enzyme, as was tentatively assumed by Rabinowitch (32) . (This conclusion was based on experiments of Ruben et al. (19) , who showed that ultraviolet affects the dark incorporation of CXlO2 and photosynthesis equally.) SUMMARY OF OBSERVATIONS 1. The kinetics of the inactivation of photosynthesis by 2537 ~ in Chlorella pyrenoidosa and Scenedesmus D1 indicate that, while the destruction process is largely a first order effect, higher order effects also occur, which become evident at low exposures. In agreement with previous observations, endogenous respiration is insensitive to exposures which inactivate photosynthesis.
2. In Scenedesmus D1 a solid dose of ultraviolet has no more effect on the photosynthetic apparatus than a dose of equal total duration interrupted by periods of photosynthesis. Nor is any difference noted if the cells are in a different buffer, e.g. 0.05 M KH2PO4, or carbonate-bicarbonate buffer 9.
3. In C. pyrenoidosa, a solid dose and an interrupted dose cause equal effects on photosynthesis when neutral phosphate buffer is used. If the ultraviolet exposure schedules are identical, equal effects are also noted in cells suspended in buffer 9, and in 0.05 M phosphate (pH 6.2). Solid exposures are, however, much more effective than interrupted exposures, when buffer 9 is used. 4. Oxygen evolution (Hill reaction), photosynthesis, and photoreduction in Scenedesmus D1 are equally sensitive to a given dose of ultraviolet. The mechanism responsible for adaptation to hydrogen metabolism is not more sensitive to ultraviolet than is the photosynthetic mechanism. The O~/H~/CO~ reaction in darkness is less sensitive to ultraviolet than any of the above reactions.
5. Glucose oxidation by C. pyrenoidosa, and colony formation in Scenedesmus D1 are far more sensitive to a given dose of ultraviolet than photosynthesis in these organisms.
6. The photosynthetic apparatus of C. pyrenoidosa is more sensitive to ultraviolet than that of Scenedesmus Dv 7. The Hill reaction in chloroplast fragments is also inactivated by 2537 by a first order process. Exposures which inactivate this reaction completely have no effect on polyphenol oxidase, cytochrome oxidase, or catalase in the same chloroplast preparation.
8. After irradiation, the survival of photosynthesis in Scenedesmus D~ and of the Hill reaction in chloroplast fragments are independent of the light intensity used to measure these processes.
9. No significant changes occur in the ultraviolet absorption of chloroplasts after an exposure to 2537 A, which completely inactivates the Hill reaction.
